The electronic structures and thermoelectric properties of Cs2[PdCl4]I2 are investigated by the first-principles calculations and semiclassical Boltzmann transport theory. Both electron and phonon transport are considered to attain the figure of merit ZT . A modified Becke and Johnson (mBJ) exchange potential, including spin-orbit coupling (SOC), is employed to investigate electronic part of Cs2[PdCl4]I2. It is found that SOC has obvious effect on valence bands, producing huge spinorbital splitting, which leads to remarkable detrimental effect on p-type power factor. However, SOC has a negligible influence on conduction bands, so the n-type power factor hardly change. The temperature dependence of lattice thermal conductivity by assuming an inverse temperature dependence is attained from reported ultralow lattice thermal conductivity of 0.31 Wm −1 K −1 at room temperature. Calculating scattering time τ is challenging, but a hypothetical τ can be adopted to estimate thermoelectric conversion efficiency. The maximal figure of merit ZT is up to about 0.70 and 0.60 with scattering time τ =10 −14 s and τ =10 −15 s, respectively. These results make us believe that Cs2[PdCl4]I2 may be a potential thermoelectric material.
I. INTRODUCTION
Thermoelectric materials, which can realize the direct heat to electricity conversion and make essential contributions to the crisis of energy, have attracted a great deal of attention 1, 2 . A good thermoelectric material can be governed by the dimensionless figure of merit ZT = S 2 σT /(κ e + κ L ), where S, σ, T, κ e and κ L are the Seebeck coefficient, electrical conductivity, absolute temperature, the electronic and lattice thermal conductivities, respectively. The high-performance thermoelectric materials should possess high ZT , which requires high power factor (S 2 σ) and low thermal conductivity (κ = κ e + κ L ). The high lattice thermal conductivity is often a fatal disadvantage to gain high ZT value like classic half-Heusler thermoelectric materials [3] [4] [5] [6] . The lattice thermal conductivity can be reduced by point defects and nanostructuring [7] [8] [9] [10] [11] [12] . However, the ultralow thermal conductivity has been achieved experimentally in SnSe single crystals, and an unprecedented ZT of 2.6 at 923 K has been reported 13 . Theoretically, Atsuto Seko et al. recently discovered 221 materials with very low lattice thermal conductivity, Cs 2 [PdCl 4 ]I 2 of which has an electronic band gap of 0.88 eV calculated within generalized gradient approximation (GGA), and ultralow lattice thermal conductivity of 0. 15 . However, the SOC is neglected, which has important effects on electronic structures for compound containing heavy element like I. The possible ZT has not also been reported.
Here, we report on the thermoelectric properties of Cs 2 [PdCl 4 ]I 2 from a combination of first-principles calculations and semiclassical Boltzmann transport theory. The SOC has been found to be very important for power factor calculations in many thermoelectric materials [16] [17] [18] [19] [20] [21] [22] [23] , so the SOC is considered in our calculations of electronic part to attain reliable power factor. As is well known, local density approximation (LDA) and GGA underestimate semiconductor energy gaps, and an improved mBJ exchange potential is used to investigate electronic structures of Cs 2 [PdCl 4 ]I 2 . It is found that SOC has a noteworthy reduced influence on p-type power factor, which can be understood by considering SOC effects on valence bands. The ultralow lattice thermal conductivity is a key factor to attain high ZT , and the corresponding room temperature lattice thermal conductivity of Cs 2 [PdCl 4 ]I 2 is only 0.31 Wm −1 K −114 , which can be used to attain temperature dependence of lattice thermal conductivity by assuming an inverse temperature dependence. Finally, the dimensionless thermoelectric figure of merit ZT can be estimated by assuming τ =10 −14 s or τ =10 −15 s, and the ZT can be up to about 0.70 or 0.60 at about 1000 K by the optimized doping.
The rest of the paper is organized as follows. In the next section, we shall describe computational details. In the third section, we shall present the electronic structures and thermoelectric properties of Cs 2 [PdCl 4 ]I 2 . Finally, we shall give our discussions and conclusion in the fourth section.
II. COMPUTATIONAL DETAIL
The electronic structures of Cs 2 [PdCl 4 ]I 2 are performed using a full-potential linearized augmented-planewaves method within the density functional theory (DFT) 24 , as implemented in the WIEN2k package 25 . We employ Tran and Blaha's mBJ exchange potential plus LDA correlation potential for the exchange-correlation potential 26 , which has been known to produce more accurate band gaps than LDA and GGA. The SOC was included self-consistently 27-30 due to containing heavy elements, which leads to band splitting, and produces important effects on power factor. We use 5000 k-points in the first Brillouin zone for the self-consistent calculation, make harmonic expansion up to l max = 10 in each of the atomic spheres, and set R mt * k max = 8. The selfconsistent calculations are considered to be converged when the integration of the absolute charge-density difference between the input and output electron density is less than 0.0001|e| per formula unit, where e is the electron charge. Transport calculations, including Seebeck coefficient, electrical conductivity and electronic thermal conductivity, are performed through solving Boltzmann transport equations within the constant scattering time approximation (CSTA) as implemented in BoltzTrap 31 , and reliable results have been obtained for several materials [32] [33] [34] . To obtain accurate transport coefficients, we use 50000 k-points (36×36×36 k-point mesh) in the first Brillouin zone for the energy band calculation. 26, 36, 37 . Due to containing heavy element I, it is very crucial for electronic structure calculations to consider SOC. For comparison, the projected energy band structures with both mBJ and mBJ+SOC are shown in Figure 2 . Calculated results show that Cs 2 [PdCl 4 ]I 2 is a indirect gap semiconductor using both mBJ and mBJ+SOC, and the corresponding gap value is 1.13 eV and 0.99 eV. The mBJ gap value is larger than the reported GGA value of 0.88 eV 14 . A noticeable feature of conduction bands is that conduction band minimum (CBM) at Z point and conduction band subminimum at Y point is almost degenerate, namely band convergence 1, 21 , which is benefit for power factor. The projected band structures show that the first three valence bands and first conduction band have obvious I atom character. It is found that SOC has remarkable influence on the valence bands, while has a negligible effect on conduction bands. The SOC leads to giant spin-orbital splitting of the first three valence bands, which produces remarkable effect on power factor of Cs 2 [PdCl 4 ]I 2 . The semi-classic transport coefficients are performed using CSTA Boltzmann theory. The doping effects are simulated by shifting the Fermi level within the framework of the rigid band approach, which has been proved to be reasonable in the low doping level [38] [39] [40] . At room temperature, the Seebeck coefficient S, electrical conductivity with respect to scattering time σ/τ and power factor with respect to scattering time S 2 σ/τ as a function of doping level using mBJ and mBJ+SOC are shown in Figure 3 . The n-type doping (negative doping levels) with the negative Seebeck coefficient can be imitated by shifting Fermi level into the conduction bands. When the Fermi level moves into valence bands, the p-type doping (positive doping levels) with the positive Seebeck coefficient can be achieved. When the SOC is considered, both S and σ/τ are smaller than ones without SOC in p-type doping, while they are nearly the same for ntype. Therefore, S 2 σ/τ using mBJ+SOC becomes very small compared to one with mBJ in p-type doping, but it changes almost nothing in n-type doping. At the absence of SOC, p-type best power factor is much larger than ntype one. However, including SOC, n-type best power factor is larger than p-type one. Similar SOC influence on best power factor can be observed in Mg 2 Sn 21 .
III. MAIN CALCULATED RESULTS AND ANALYSIS
The SOC effect on S can be explained by the following formula 41 :
where k B , e, n(E), µ(E), E f are the Boltzmann constant, carrier charge, carrier density at the energy E, mobility, and Fermi energy, respectively. In the valence bands (p-type doping), it is found that
with mBJ+SOC becomes small with respect to one with mBJ due to remarkable spin-orbit splitting, leading to SOC-reduced S. In conduction bands (n-type doping),
dE is almost the same between mBJ and mBJ+SOC, which leads to nearly the same S. Due to σ being proportional to n, the n with SOC is smaller than one without SOC for p-type, leading to reduced σ, and they are almost the same for n-type, producing nearly the same σ.
To attain ZT needs scattering time τ , and calculating τ is challenging from the first-principle calculations. Here, we assume that τ equals 1 × 10 −14 s. Another key parameter is lattice thermal conductivity κ L , and the room temperature lattice thermal conductivity has been reported for 0.31 Wm −1 K −114 . An inverse temperature dependence of the lattice thermal conductivity can be found in a large number of thermoelectric materials 21, 22, 42, 43 . Here, we simply assume that κ L is proportional to 1/T also for Cs 2 [PdCl 4 ]I 2 . The power factor S 2 σ, total thermal conductivity κ, lattice thermal conductivity κ L and ZT as a function of temperature with the doping concentration of 5 × 10 19 cm −3 for n-type and p-type are plotted in Figure 4 . The S 2 σ in both n-and p-type doping firstly increases, and then decreases, when the temperature increases. The total thermal conductivity κ is dominated by the lattice thermal conductivity κ L in the low tem- perature, but the electronic thermal conductivity κ e becomes very larger than lattice thermal conductivity κ L in high temperature region. So, the related temperature of minimum thermal conductivity is very low due to the ultralow lattice thermal conductivity. Both p-type S 2 σ and κ are smaller than n-type ones in considered temperature range. The ZT has the same trend with S 2 σ with the increasing temperature. At about 1000 K, the peak ZT of 0.66 is attained in n-type doping. The maximal ptype ZT is 0.72 at about 950 K. The p-type ZT is larger than n-type one from about 400 K to 1100 K.
In order to further understand the thermoelectric properties of Cs 2 [PdCl 4 ]I 2 , the power factor with respect to scattering time S 2 σ/τ and electronic thermal conductivity with respect to scattering time κ e /τ of Cs 2 [PdCl 4 ]I 2 as a function of doping level (N) with temperature being 300, 600, 900, 1200 and 1500 using mBJ+SOC are shown in Figure 5 . In the considered doping and temperature range, the S 2 σ/τ firstly increases, and then decreases in low doping level with increasing temperature, while it monotonically increases in high doping level. However, κ e /τ always monotonically increases, when the temperature increases. The corresponding thermoelectric figure of merit ZT with hypothetical τ =10 −14 and τ =10 −15 s are plotted in Figure 6 . As the temperature increases, the ZT has similar trend with S 2 σ/τ . The peak ZT and corresponding doping concentration at different temperature for both n-and p-type are listed in Table I . It is found that n-type peak ZT has lower doping concentration than p-type one. The doping concentration of peak ZT with τ =10 −15 s is larger than one with τ =10 −14 s. Calculated results also show that n-and p-type have almost the same maximal ZT , and the maximal ZT with τ =10 −14 s and τ =10 −15 s is up to about 0.70 and 0.60, respectively.
IV. DISCUSSIONS AND CONCLUSION
The bands of Cs 2 [PdCl 4 ]I 2 near the Fermi level are dominated by heavy element I, which produces a giant SOC in the valence bands. The SOC can lift the band degeneracy of valence bands by spin-orbit splitting, especially for the first three valence bands. These SOC effects on valence bands lead to remarkable reduced influence on p-type Seebeck coefficient and electrical conductivity, and further give rise to detrimental influence on power factor. The similar SOC-induced reduced effects on power factor have been observed in many thermoelectric materials 16, 17, 21, 22 . Therefore, including SOC is very necessary for electronic part of thermoelectric properties of Cs 2 [PdCl 4 ]I 2 .
In summary, an appropriate exchange-correlation po-tential mBJ+LDA is chosen to investigate electronic structures and electronic part of thermoelectric properties of Cs 2 [PdCl 4 ]I 2 , and the SOC is also considered due to containing heavy element I. The strength of SOC effects on valence bands is very huge, especially for the first three valence bands, which leads to obvious reduced effects on p-type power factor. The lattice thermal conductivity κ L of Cs 2 [PdCl 4 ]I 2 is assumed to be proportional to 1/T , and the κ L as a function of temperature is attained from the reported room temperature κ L . Although the scattering time τ is unknown, a hypothetical τ can be employed to estimate possible figure of merit ZT , which is up to about 0.70 with τ =10 −14 , and about 0.60 with τ =10 −15 . Experimentally, it is possible to attain higher ZT than theoretical values. The present work provides a foundation for further experimental studies.
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